R ecurrent myocardial injury in postviral myocarditis is a serious disorder that often results in DCM. [1] [2] [3] [4] In a rat model wherein myocarditis is inducible by purified cardiac myosin, T cells reportedly play an important role in inducing myocarditis. 5, 6 This model may serve as a system to investigate the pathological mechanisms underlying postinfectious myocardial injury by autoimmunity.
It has been hypothesized that immune dysregulation associated with autoimmune disease may relate to an imbalance between Th1 and Th2 cells. [7] [8] [9] The former secrete IL-2 and IFN-␥ and mediate proinflammatory reactions (termed the Th1 response), whereas the latter secrete IL-4 and IL-10 and promote humoral immunity (termed the Th2 response). Th1 cells suppress Th2 responses through IFN-␥. IL-10, one of the Th2 cytokines, is a major inhibitor of Th1 responses. As a result, Th1 and Th2 often seem to negatively cross-regulate through their cytokines. [7] [8] [9] [10] [11] [12] We recently demonstrated the mRNA expressions of Th1 and Th2 cytokines during the course of EAM by RNase protection assay. 13 In brief, IL-2 appears in the initial inflammatory phase, and IFN-␥, IL-1␤, and TNF-␣ follow in the maximum inflammatory phase; IL-10 mRNA can be detected after the maximum inflammatory stage and persists into the recovery phase. These findings support the idea that Th1 and Th2 cells may cross-regulate the inflammation through their cytokines and modulate the course of autoimmune myocardial injury. However, the exact role of cytokines in autoimmune myocardial injury is still undefined. To further investigate the role of cytokines in myocardial injury by autoimmunity, we studied the pathogenicity of myosin-specific Th cells influenced by a specific cytokine milieu. In the present study, we show that IL-12 and IL-2 have major roles in the potentiation of pathogenicity of cardiac myosin-specific Th1 cells in myocardial injury caused by autoimmunity.
Materials and Methods

Experimental Animals
Male Lewis rats (6 weeks old) were purchased from Charles River, Japan (Atsugi, Kanagawa, Japan) and were maintained in our animal facilities.
Peptide Synthesis
A synthetic peptide corresponding to amino acids 1539 to 1555 of rat cardiac ␣-myosin heavy chain was synthesized by the fluorenylmethoxycarbonyl/t-butyl-based solid-phase peptide chemistry method. 14 An ABI 433 (Perkin Elmer Corp) peptide synthesizer using a single coupling program was used to carry out the chain assembly, starting with commercially available fluorenylmethoxycarbonyl amide resin. The peptide-resin compound was N-terminally acetylated. Complete peptide was cleaved from the resin by treatment with trifluoroacetic acid and phenol. After standard diethyl ether extractions and peptide solubilization in water, the peptide was lyophilized and stored at Ϫ80°C. CMP, acetyl-KLELQSALEEAEASLEH-NH 2 , was shown to contain one major peak on HPLC. For a control peptide, we used the same technique to synthesize a randomly arranged peptide, acetyl-SLALLKAQHELSEEAEE-NH 2 , which has no mimic.
Active Induction of EAM
CMP was dissolved in PBS at a concentration of 5 mg/mL and emulsified with an equal volume of complete Freund's adjuvant supplemented with 10 mg/mL of Mycobacterium tuberculosis H37RA (Difco). To produce actively induced EAM, rats received a single immunization dose (0.4 mL of emulsion) by way of a subcutaneous injection into a foot pad, thus yielding an immunizing dose of 1.0 mg of CMP per rat.
Histological Evaluation of Disease
Macroscopic findings were classified into five grades: 0, no inflammation; 1, presence of a small discolored focus; 2, presence of multiple small discolored foci; 3, diffuse discolored areas not exceeding a total of one third of the cardiac surface; and 4, diffuse discolored areas totaling more than one third of the cardiac surface.
In order to grade the microscopic score, the hearts were fixed in 10% formalin. Paraffin-embedded tissues were cut and stained with hematoxylin-eosin for histological examination. Severity of inflammation in the biventricular cardiac cross sections was graded as follows: 0, no inflammation; 1, presence of a few small lesions, not exceeding 0.25 mm 2 in size; 2, presence of multiple small lesions or a few moderately sized lesions, not exceeding 6.25 mm 2 ; and 3, the presence of multiple moderately sized lesions or more, larger lesions.
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Isolation of MNCs Infiltrating the Heart and MNCs From Peripheral Blood
MNCs infiltrating the heart were obtained by forcing the myocardium through a 200-gauge stainless mesh in MEM medium supplemented with 7.5 mol/L HEPES and 2% newborn calf serum. The cells were then hemolyzed in 0.17 mol/L Tris buffer supplemented with 0.83% NH 4 Cl. After washing twice, MNCs infiltrating the heart were separated by specific density using Histopaque 1.077 (Sigma Chemical Co) and used for flow cytometric analysis. Furthermore, they were separated into adherent cells and nonadherent cells for analysis of gene expression, as described previously. 13 MNCs from peripheral blood were used after lysing red blood cells for flow cytometric analysis.
RT-PCR for Detection of IL-12 (p40) mRNA
RT-PCR was used to determine whether IL-12 (p40) mRNA was expressed. Two micrograms of polyA ϩ RNA was reverse-transcribed in the presence of random hexamers using 20 U of RNase H Ϫ , M-MLV reverse transcriptase (Toyobo), and the buffer supplied by the manufacturer. The reaction was conducted at 30°C for 10 minutes, followed by 20 minutes at 20°C. The reverse transcriptase was inactivated at 95°C for 5 minutes, and samples were kept at 4°C. Amplification reactions were carried out in the same tube used for RT, with 1 g of each primer, 2.5 U of Taq DNA polymerase, and the PCR buffer supplied by the manufacturer. Taq DNA polymerase was added at 90°C just before the first denaturation. Samples were placed in a thermocycler (Perkin Elmer Corp) using 95°C denaturation, 58°C annealing, and 72°C extension temperatures for one cycle. Thirty-eight cycles were performed, and 10% of the PCR reaction was electrophoresed on agarose/ethidium bromide gels and visualized under UV light so that amplified gene fragments could be compared with DNA standards (HaeIII-digested øX174 DNA, Promega) electrophoresed on the same gel.
Positive-and negative-stranded primers used for amplification IL-12 (p40) mRNA were CCACTCACATCTGCTGCTCCACAAG and ACTTCTCATAGTCCCTTTGGTCCAG, respectively, as described by Bost et al. 16 Primers for G3PDH mRNA were ACCA CAGTCCATGCCATCAC and TCCACCACCCTGTTGCTGTA. Positive control for RT-PCR was reverse-transcribed RNA from lipopolysaccharide-activated splenic macrophages. mRNA isolated from lipopolysaccharide-activated macrophages was also used as a negative control, which was not added to reverse transcriptase during the RT reaction. The identity of the PCR products of appropriate length was confirmed by cycle sequencing using dye-labeled terminations (Amersham International).
In Vivo Administration of Recombinant Murine IL-12 to Rats With EAM
IL-12-treated rats received an intraperitoneal injection of 1.0 g rmIL-12 (Genetic Institute) dissolved in 1.0 mL PBS. The IL-12 was administered on 6 occasions, at days 0, 4, 8, 12, 16, and 20 after immunization. Control rats received PBS at the same intervals. To clarify the onset and time course, the rats were killed at days 10, 14, 21, and 28.
Culture of LNCs and Preparation for Transfer
Ten days after immunization, popliteal lymph nodes were harvested, and the cells were resuspended in RPMI-1640 containing 10% FBS, 1% sodium pyruvate, 1% nonessential amino acids (GIBCO BRL), 5ϫ10
Ϫ5 mol/L 2-mercaptoethanol, 100 g/mL streptomycin, and 100 U/mL penicillin. CMP was added to the cultures at 20 g/mL. At the start of the culture, rmIL-12 (4 ng/mL) and/or recombinant rat IL-2 (20 U/mL) (Genzyme) was added to the medium. After incubation for 72 hours, the cells were harvested, washed twice, separated by specific density using Histopaque 1.077, suspended with PBS, and transferred to naive Lewis rats intravenously at doses of 5ϫ10 6 , 1ϫ10 7 , 3ϫ10 7 , and 5ϫ10 7 cells. Recipient rats were killed on day 14 for histological examination.
IFN-␥, TNF-␣, IL-4, and IL-10 Determination by ELISA
At the end of the culture period, supernatants were collected, and IFN-␥, TNF-␣, IL-4, and IL-10 were measured by a Cytoscreen rat IFN-␥ ELISA kit (BioSource International), a rat TNF-␣ ELISA kit
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Flow Cytometric Analysis and Cell Sorting
LNCs and MNCs from peripheral blood and heart were isolated from rats at the peak inflammatory phase of EAM, as described previously. LNCs after culture were separated by specific density using Histopaque 1.077. They were incubated with a mixture of phycoerythrin-labeled W3/25 (CD4), 3. 
Proliferation Assay
Ten days after immunization, LNCs were isolated as noted above. Viable lymphocytes (2ϫ10 5 cells per well) were cultured with antigen-presenting cells in the presence of indicated concentrations of CMP alone or rrIL-2 and/or rmIL-12 in 96-well U-bottomed microtiter plates (Costar Co). Incorporation of 0.5 Ci methyl-[ 3 H]thymidine was determined after 72 hours of incubation in 5% CO 2 and air at 37°C. After further incubation for 18 hours, the cells were harvested, and radioactivity was assessed by the liquid scintillation counting method.
Statistical Analysis
Data are presented as meanϮSD. Statistical comparisons of histopathological scores, cytokine levels, and cell proliferation were performed by one-way ANOVA and Student paired t tests. Differences were considered significant at PՅ0.05.
Results
IL-12 (p40) mRNA Expression by Heart-Infiltrating Macrophages in the Initial Inflammatory Phase
IL-12 (p40) mRNA in plastic adherent cells isolated from the heart on days 14 and 19 was identified by RT-PCR ( Figure 1 ). However, IL-12 (p40) mRNA was not detected in nonadherent cells on days 14 and 19 or in any cells on other days. We previously reported that most of the adherent cells (93%) were macrophages. 13 Therefore, we suggest that IL-12 (p40) mRNA is expressed by macrophages infiltrating the heart.
Effect of In Vivo Administration of rmIL-12 on the Progression of EAM
Rats were treated with rmIL-12 (1.0 g IP per rat) or PBS every 4 days after immunization by CMP and monitored by macroscopic ( Figure 2a ) and microscopic (Figure 2b ) findings in the heart. Although the time of onset of EAM was almost the same in IL-12-treated and PBS-treated groups, EAM of IL-12-treated rats was significantly (PϽ0.05) more findings in the heart. The scores are defined in "Materials and Methods." The onset of disease was almost the same in the two groups, but the severity of disease of IL-12-treated rats was significantly higher than in control rats at any point (nϭ7 in each group). *PϽ0.05.
severe than that of PBS-treated control rats at any time point examined. Normal rats treated with IL-12 did not show any cardiac damage.
Characterization of the Phenotype of MNCs Infiltrating the Heart of EAM Rats Treated With IL-12
MNCs isolated from the heart and peripheral blood were analyzed by flow cytometry. The absolute number of MNCs in the heart was significantly (PϽ0.01) increased by in vivo administration of rmIL-12 (Table 1 ). CD4-positive T cells appeared as major populations in MNCs isolated from the hearts of EAM rats and were dominant in the heart rather than in peripheral blood. In contrast, CD8-positive T cells and NK cells appeared as small populations in the heart and in peripheral blood of EAM rats. However, compared with the control condition, NK cells in the peripheral blood were significantly (PϽ0.05) increased, and CD4-positive T cells were significantly decreased by in vivo administration of rmIL-12. The results indicate that IL-12 exerts an immunomodulatory effect on rats. However, despite the decrease of CD4-positive T cells in peripheral blood, CD4-positive T cells remained dominant in the heart of IL-12-treated EAM rats. 
Induction of EAM by the Transfer of Cardiac MSTLs Stimulated In Vitro by IL-2, IL-12, or a Combination of the Two
LNCs from CMP-immunized rats were stimulated in vitro with CMP alone or with CMP along with rmIL-12, rrIL-2, or both. After they were cultured for 72 hours, LNCs were transferred to other naive rats, and the ability to induce EAM was examined on day 14, since an examination of the time course of adoptive EAM transfer revealed that the peak occurred on day 14 (data not shown). Compared with active induction, the peak is earlier in transferred EAM. None of the rats injected with lymphocytes that had been stimulated with CMP alone at doses of 5.0ϫ10 7 cells developed myocarditis. Even injections of 2ϫ10 8 cells did not elicit myocarditis in two trials (data not shown). LNCs stimulated with CMP and IL-2 required as many as 5.0ϫ10 7 cells to elicit myocarditis; those with CMP and IL-12 required as many as 3.0ϫ10 7 cells (Table 2) . Of note, myocarditis could be transferred into naive rats by lymphocytes stimulated with CMP and both IL-2 and IL-12 at doses of 1.0ϫ10 7 cells. As the number of transferred cells increased, the rate of myocarditis and severity also increased. Thus, IL-12 and IL-2 synergize to activate MSTLs and promote inflammation in autoimmune myocardial injury. However, LNCs without in vitro stimulation by CMP could not elicit myocarditis, even when cultured with IL-2 and IL-12.
Enhancement of In Vitro IFN-␥ Production of MSTLs by rmIL-12
Cell proliferation, cytokine production, and surface markers of LNCs were analyzed to determine the characteristic changes of MSTLs by IL-12 during in vitro stimulation with antigen. Proliferation of LNCs was determined at 72 hours by the incorporation of proliferation with CMP was not affected by the addition of either IL-2 or IL-12 (Table 3) . However, the addition of IL-12 during in vitro stimulation of LNCs with CMP, especially in combination with IL-2, resulted in a 2-to 4-fold increase of IFN-␥ production compared with cells cultured with CMP alone (Figure 3a) . In contrast, LNCs cultured in various conditions showed no differences in production of TNF-␣, IL-4, and IL-10 ( Figures 3b, 3c , and 3d, respectively). Surface markers of lymphocytes, as analyzed by FACScan with antibodies specific for CD3, CD4, CD8, CD11b/c, and NKR-P1, revealed little change during culturing in the presence of CMP, IL-2, and IL-12 (data not shown).
CD4 ؉ T Cells Are Responsible for EAM
To clarify which T-cell type (stimulated with CMP, IL-12, and IL-2) is responsible for EAM, CD4-positive cells or CD8-positive cells after culture were sorted out and transferred (intravenously) into naive rats. Transfer of CD4-positive cells sorted from cultured lymphocytes elicits myocarditis in naive rats, but transfer of CD8-positive cells does not (Figure 4) . Accordingly, CD4-positive T cells are considered to be essential to EAM, and the pathogenicity is enhanced by the addition of IL-2 and IL-12.
Discussion
Circumstantial evidence implicates a number of cytokines as mediators of inflammation and immunity in the pathogenesis of cardiovascular diseases, ranging from heart failure to atherosclerosis. Some studies have revealed cytokine expression in situ during the course of myocarditis and have suggested key roles played by these cytokines. 13, 17 As demonstrated earlier 13 and again in the present study, IL-2 and IL-12 (p40) mRNA appears initially in EAM and is followed by IFN-␥ mRNA. These data imply that IL-2 and IL-12 contribute to the pathogenesis in EAM and motivated us to investigate the pathogenicity of myosin-specific Th cells activated by these cytokines.
IL-12, originally identified as an NK cell stimulatory factor, 18 is a 75-kDa glycoprotein that is composed of two distinct disulfide-linked subunits with molecular masses of 35 and 40 kDa. 19, 20 IL-12 is secreted by a variety of antigen-presenting cells, including monocytes, macrophages, and dendritic cells; it directs the generation of Th1 response via the induction of IFN-␥ production, enhances the cytotoxicity of NK cells, cytotoxic T lymphocytes, 18, [21] [22] [23] [24] and a novel population of T cells with an NK cell marker, 25, 26 and induces antitumor and antimicrobial responses. In addition to IL-2, IL-12 is a Th1 cytokine; it develops the precursor Th cells to Th1 cells and inhibits the differentiation of Th2 cells via IFN-␥ production. 10, 27, 28 In the present study, we found that CMP-specific Th1 cells are involved in the pathogenesis of EAM and that IL-12 enhances the disease, as revealed by both in vivo and in vitro experiments. Administration of IL-12 into rats challenged with CMP aggravates myocarditis; the number of NK cells in peripheral blood increased significantly, but CD4 ϩ T cells remained predominantly in the heart. From these findings, it is suggested that the aggravation of autoimmune myocarditis is a function of Th1 cells but is not caused by the toxicity of IL-12 per se or by activated NK cells. Furthermore, it was confirmed by transfer experiments that antigen-primed CD4 IL-12 and IFN-␥ are currently viewed as the prime inducers of Th1 immune response, which is necessary not only for initiating cell-mediated immune responses but also for protection against malignant tumors and intracellular pathogens, such as HIV and Leishumania. 29 -35 On the other hand, there is a controversy regarding the role of IFN-␥ in EAM. Smith and Allen 36 have reported that neutralization of IFN-␥ with monoclonal antibody rather deteriorates the EAM response. They postulated that the local effects of IFN-␥ promote inflammation, whereas the systemic effects are anti-inflammatory; therefore, systemic administration of IFN-␥ mAb would neutralize circulating IFN-␥ and preferentially promote an enhanced local inflammatory response. This raises interesting questions relating to where a cytokine mediator functions during an inflammatory response and how to effectively deliver a neutralizing antibody to the target tissue. We have recently reported that nonadherent cells (presumably T cells) in myocardium exhibiting EAM produce a substantial amount of IFN-␥, 13 and we demonstrate in the present study that MSTLs cultured with antigen and a combination of IL-12 and IL-2 can produce great amounts of IFN-␥ in vitro. These facts, coupled with indications that the degree of IFN-␥ production seems to be correlated with pathogenicity of MSTLs, strongly support the idea that IFN-␥ locally promotes the inflammation of autoimmune myocarditis.
TNF-␣ has attracted considerable interest in the pathogenesis of cardiovascular diseases, ranging from heart failure to atherosclerosis. 37 TNF-␣ is produced by heart-infiltrating macrophages in EAM and is believed to contribute to the pathogenesis in several ways. 13 The present study shows that even T cells stimulated with CMP and a combination of IL-2 and IL-12 do not produce increased amounts of TNF-␣. This outcome is not unexpected, since TNF-␣ is produced mainly by macrophages 13 and LNCs usually contain only a small number of macrophages. However, by producing IFN-␥, CMP-activated Th1 cells migrating into the myocardium can activate resident macrophages and thereby induce TNF-␣ production. This speculation is supported by the fact that antigen-or pathogen-activated phagocytic cells produce IL-12 and promote T or NK cells to produce IFN-␥, and then IFN-␥ further activates monocytes or macrophages in a positive-feedback loop and augments their function. 38 It is recognized that inflammation persists after the acute phase in some patients with viral myocarditis and that these patients sometimes respond to immunosuppressive therapy. 39, 40 These facts suggest the presence of recurrent myocardial damage followed by DCM. Persistent viral infections are associated with proinflammatory cytokine synthesis, which might affect the clinical course of diseases such as juvenileonset diabetes mellitus and DCM. 16, 41, 42 Although IL-12 could be an important cytokine against some viruses, 43,44 IL-12 synthesis and subsequent IFN-␥ production during recurrent infections instead may induce a sustained activation of potentially autoreactive cells (such as MSTLs) and sometimes cause cardiac tissue damage and subsequent DCM under certain immune conditions.
In conclusion, IL-12 together with IL-2 enhances the pathogenicity of cardiac myosin-specific Th cells and plays an important role in myocardial injury by autoimmunity. Considering the reciprocal regulation of Th cell subsets, modulating the Th1-Th2 balance by intrinsic regulatory mechanisms of the immune system may regulate the clinical course of EAM. Although further studies are needed, immunointervention strategies based on the administration of IL-12 antagonists may be helpful in the prevention of postmyocarditis DCM by autoimmunity.
